The compositional diffusional trajectories for phase-separation of γ(face-centered-cubic 
and oxidation resistance at elevated temperatures [1] [2] [3] [4] [5] . The alloys are strengthened by coherent γ′(L12)-precipitates within a disordered Ni-rich γ(f.c.c.) matrix. During the last three decades, the mechanical properties of Ni-based superalloys operating at elevated temperatures have been remarkably improved, mainly due to the use of refractory elements [1, 6] . Rhenium, specifically, is of great interest because a small Re-addition improves their creep resistance considerably by increasing solid-solution strengthening of the γ(f.c.c.)-matrix and retarding the coarsening kinetics of γ′(L12)-precipitates at elevated temperatures [7] [8] [9] [10] .
In a dilute binary alloy, the coarsening of precipitates (Ostwald ripening) is described by the Lifshitz-Slyozov-Wagner (LSW) diffusion-controlled model [11, 12] . This model is, however, valid only for the near zero-volume faction of the second-phase because the diffusional interactions among precipitates are not taken into account. Kuehmann and Voorhees (K-V) [13] developed a model for Ostwald ripening of a ternary alloy by taking into account thermodynamic factors and kinetic effects. The development of atom-probe tomography (APT) [14] [15] [16] [17] enables an understanding of coarsening behavior because it can measure the compositional trajectories and the temporal development of concentration profiles associated with γ(f.c.c.)/γ′(L12) interfaces [18] [19] [20] [21] . The K-V model doesn't, however, reproduce exactly the compositional trajectories of the γ′(L12)-precipitates because, it does not take into account the couplings among diffusional fluxes, which results from the minute details of the diffusion mechanism. [13] . This problem for multicomponent alloys is corrected by the Philippe-Voorhees (P-V) model [22] , which includes the off-diagonal terms in the mobility tensor.
Herein, we present detailed results concerning γ(f.c.c.)-γ′(L12) phase-separation and the temporal-dependent compositional trajectories for a quaternary Ni-Cr-Al-Re alloy utilizing APT.
The effect of Re, a slow diffuser in Ni-Al-Cr alloys, on the temporal evolution of the compositional trajectories is represented utilizing a tetrahedron for a quaternary phase-diagram for the first time.
The Ni-based superalloy was prepared by induction-melting of relatively high purity elemental constituents under a partial Ar atmosphere and chill-cast in a copper mold to form a polycrystalline master ingot with a target composition of Ni-0.10Al-0.085Cr-0.022Re (mole fraction). The cast ingot was fully homogenized in the γ(f.c.c.)-phase field at 1300 o C for 20 h in vacuum and furnace cooled. The ingot was then sectioned into 1 cm thick slices, which were resolutioned at 980 o C for 4 h in a drop-quench furnace and immediately water quenched without exposure to atmospheric pressure. The final solutionizing temperature is based on the differential thermal analysis (DTA) solvus temperature, ≈ 922 o C, which was performed on homogenized samples, at a rate of 10 K min -1 in a helium atmosphere, cycled twice through the temperature range of the reaction. Finally, as-quenched samples were aged in the γ(f.c.c.) plus γ′(L12)-phasefield at 700 o C, for times ranging from 0.25 h to 1024 h in flowing argon, followed immediately by a quench into ice-brine water. APT nanotip specimens were cut from each of the aged samples and sharpened by a two-step electro-polishing procedure; 10% by volume perchloric acid in acetic acid and 2 vol.% perchloric acid in butoxyethanol at (5 to 21) V dc [23] .
The 3-D APT experiments were performed utilizing a local-electrode atom-probe tomograph, LEAP5000XS * , which has an 80 % detection efficiency [24] Voorhees (P-V) [22] . They proposed a general model of coarsening for non-ideal and non-dilute solid-solutions, which includes off-diagonal terms in the diffusion tensor. The temporal evolution of the equilibrium composition in a multicomponent alloy is derived from the interfacial free energy, σ , determined from the following equation [22, 38] :
where K is the rate constant for the temporal evolution of <R(t)>, [10] . Based on the LSW and P-V coarsening models, the rate constant, K, obeys the relationship, < R(t) > 3 = , where K was determined using our experimental APT data, (6.20 ± 2. 
The reduction of the number of equations from N to N-1 is obtained from the definition of the second-derivative of the Gibbs free energy as a dependent variable [22] . The value of σ is also strongly influenced by the off-diagonal terms in the G γ and D tensors, which are included in the P-V model. The compositional trajectory as a function of aging time in the γ(f.c.c.)-matrix is determined from [22] , Because the amplitude is a product of a time-independent scalar and the difference of equilibrium compositions, the matrix supersaturations coincide with the tie-line representing the equilibrium conditions between the two-phases. The time-dependent composition of the γ′(L12)-phase precipitate is given by [22] , 2  2  2  '  '  '  2  Re  5  5  5  2  2  2  '  '  '  '  5  5  5  2  Re  5 
The calculated and measured compositions of the γ(f.c.c.)-matrix and γ′(L12)-precipitate phases are presented in a partial Ni-Al-Cr-Re quaternary phase-diagram utilizing a tetrahedron, Table 1 ). The compositions are calculated from the P-V model utilizing eqs.
(4 and 5) and are represented by small solid-yellow circles. Because the P-V model is only for the quasi-stationary coarsening regime with an equilibrium volume fraction, the calculated points commence at an aging time of 16 h for both the γ(f.c.c.)-and γ′(L12)-phases, which are compared with the APT results employing blue-and red-circles, which start at 0 h (Table 1 ). In the P-V model, the compositional trajectories of the γ(f.c.c.)-matrix lie on a straight dashed tie-line (a vector) connecting the equilibrium concentrations of the γ(f.c.c.)-and γ′(L12)-phases at infinite time. Whereas, in the γ′(L12)-phase-field the composition trajectory of the γ′(L12)-precipitates does not lie on the equilibrium tie-line between the two phases, which is due to solute-flux coupling caused by the off-diagonal terms in the diffusion tensor. which has the smallest diffusivity, approaches approximately half of its equilibrium concentration,
, when the Al concentration is close to its equilibrium value. For times greater than 16 h, in the quasi-stationary coarsening regime, the supersaturations,  i C ∆ , are very small in both phases and the concentration trajectories are close to a straight line (a vector), which agree with the quasistationary diffusional behaviors described by the P-V model [22] . This implies that the compositions of the γ′(L12)-precipitates in a quaternary system pertain to the thermodynamically equilibrium compositions including interfacial curvature (capillary effect [10] [11] [12] [13] 22] )). Nucleation and growth kinetics make, however, the compositional trajectories more complex, possibly leading to compositional variations within the precipitates; for example, in the Al-Sc-Zr system nanoprecipitates have a metastable core-shell structure [43] [44] .
In summary, the compositional diffusional trajectories in a phase-separating quaternary 
